Gold electrodes modified with S-containing compounds and gold nanoparticles were used for determination of epinephrine (EP) in aqueous solution. The modified electrodes exhibited a good sensitivity, reproducibility, and stability. The results have shown that modified electrodes could clearly resolve the oxidation peaks of epinephrine, ascorbic acid (AA), and uric acid (UA) with peak-to-peak separation enabling determination of EP, AA, and UA in their simultaneous presence. A linear relationship between EP concentration and current response was obtained in the range of 0.1 µM to 700 µM with the detection limit ≥0.034 µM for the electrodes modified at 2D template and in the range of 0.1 µM to 800 µM with the detection limit ≥0.030 µM for the electrodes modified at 3D template.
Introduction
Epinephrine, an important catecholamine neurotransmitter, is necessary for normal functioning of the mammalian central nervous system [1] . Therefore, development of a simple and fast method for its detection and determination is an important task of current neurochemistry. Catecholamines are easily oxidized, thus electrochemical methods appear to be suitable for their quantitative studies [2] . However, the problem is that when it is oxidized directly at the bare electrode, the electrode surfaces get blocked with the final oxidation product. Moreover, catecholamines exist in natural environment together with some small biomolecules like AA and UA, which oxidize at bare electrodes in almost the same potential region as catecholamine [3] [4] [5] [6] [7] . In recent years, among various attempts to overcome the above-mentioned problems, much attention has been paid to the use of electrodes modified for development of suitable sensors. Literature provides evidence on using glassy carbon electrodes modified by poly(caffeic acid) [7] , luminol [8] , polyrutine [9] , an overoxidized polypyrrole [10] , osmium and cobalt hexacyanoferrate [4, [11] [12] [13] , as well as 5-amino-1,3,4-thiadiazole-2-thiol [14] films for the determination of trace amounts of EP with elimination of the interference by AA. The basal plane pyrolytic graphite electrode modified with carbon nanotubes has been used to mediate electrochemical oxidation of EP with elimination of the interference by AA [15] . Furthermore, the electrochemical modification of clenbuterol at paraffin-impregnated graphite electrode [16] and a mesoporous Al-incorporated SiO 2 modified electrode [17] have been used successfully for detection of EP. Immobilization of DNA on carbon fibre electrodes by using overoxidized polypyrrole template [18] or deposition of the gold nanoparticles directly on the glassy carbon electrode [19, 20] has been tested for selective EP detection in the presence of AA and UA. Moreover, an overoxidized dopamine film deposited on a gold electrode has been successfully tested for selective EP detection in the presence of AA and UA [21] . Recently, electrooxidation of EP in the presence of UA at the ZnAl layered double hydroxide film modified glassy carbon electrode [22] , and multiwalled carbon nanotube modified 2 International Journal of Electrochemistry with cobalt phtalocyanine in paraffin composite electrode [23] has been described. The self-assembled monolayers (SAMs) of S-functionalized compounds on polycrystalline gold is a powerful method to prepare a chemical interface with stable and structurally well defined monolayers which exhibit a high degree of orientation, molecular ordering, and packing density [24, 25] . Gold is used frequently as the material for the SAM preparation because of its good affinity to sulphur and its inertness [26] . For example, the electrochemical behaviour of EP has been studied at cysteine [27] SAM-modified gold electrodes. On the other hand, gold nanoparticle modifications could largely increase the immobilized amount of S-functionalized compounds and enhance the Au-S bond and stability of SAMs layer [28] . The electrochemical behaviour of EP has been analysed at the gold nanoparticles assembled on both the dithiothereiol and dodecanethiol mixed layers [29] .
In the present study, in search for new materials for detection of catecholamines, the performance of gold electrodes modified with the gold nanoparticle (Au-NPs), dithiodipropionic acid (DTDPA), and cysteamine (CA) is tested. The self-assembled layers were deposited on the planar gold electrode (known as the two-dimensional (2D) electrode and labelled as Au) as well as on the nanogold electrode (known as the three-dimensional (3D) Au electrode and labelled as Au/Au-NPs). The new voltammetric sensors are applied for simultaneous detection of EP, AA, and UA in aqueous solutions.
Experimental

Reagents and Chemicals.
Dithiodipropionic acid (DTDPA), cysteamine (CA), epinephrine (EP), and auric acid (HAuCl 4 ) were purchased from Fluka. Uric acid (UA) and L-ascorbic acid (AA) were obtained from Sigma. NaH 2 PO 4 , K 2 HPO 4 , and NaOH were purchased from Merck. Trisodium citrate, acetone, H 2 SO 4 , H 2 O 2 , and C 2 H 5 OH were from POCG (Gliwice, Poland). All chemicals were obtained of analytical grade quality and were used as obtained without further purification. The solutions were prepared freshly prior to use from deionized water purified in a Millipore Milli-Q system. An Au-colloidal solution was prepared according to procedure described elsewhere [30] . All solutions under investigation were deaerated by blowing highly pure argon through the solution before measurements. The measurements were performed at room temperature.
Apparatus.
The pH of the solution was measured using a pH-meter (Model-ULAB 2002, TELE-ECO-PROJECT, Poland). The Uv-vis spectra were taken using Cecil (CE 2020, Chemnist, Austria). The reflection-absorption spectra were obtained in an N 2 atmosphere on a Brucker 66 v/S FT-IR spectrometer with an FT-80 grazing angle infrared reflection accessory and a liquid N 2 cooled TGS detector. Typically, 2000 scans with 2 cm −1 resolution were performed. Additionally, for comparison the transmission FT-IR spectrum of the DTDPA substrate was recorded on the same spectrometer. The scanning electron microscopy (SEM) analysis was carried out using ZEISS EVO 40 instrument (Germany) with the acceleration voltage of 20 kV. The transmission electron microscopy (TEM) image was obtained using JEM-1200 EX2 (Japan) instrument, operating at 200 kV. The experimental setups used in voltammetric measurements were the same as those described earlier [31] and included a potentiostat EG-20 (Elpan, Poland), a sine wave generator PW12 (Kabid, Poland), and x-y recorder Endim 620.12 (VEB, Germany).
The electrochemical studies were carried out in a threecompartment cell separated by glass frits. The working electrode was either the bare gold electrode or one of the modified gold electrodes. In all cases, the working electrode was in the shape of a cylinder (0.5 mm diameter and 12 mm length). A gold sheet and the saturated calomel electrode (SCE) were used as auxiliary and reference electrodes, respectively.
Procedure.
Before modification, the bare planar gold electrode (2D) was polished with aluminium slurries of successively decreasing final grades (down to 0.05 µm, Buehler) on polishing cloths (Buehler). Then, it was rinsed carefully with acetone and water, respectively. After rinsing with water the electrode was electrochemically activated by cycling (v = 0.1 V s −1 ) in the potential range between E = −0.7 V and E = 0.6 V versus SCE in the supporting electrolyte (6 10 −2 M phosphate buffer, pH = 7) until a stable cyclic voltammogram was obtained. This procedure avoids structural changes on the gold surface [32] .
In order to obtain a nanogold electrode, the activated 2D Au electrode was immersed in the colloidal gold solution (sol Au) for 24 h at 4
• C. The template obtained was called the three-dimensional (3D) Au electrode and marked as Au/AuNPs. To form the DTDPA self-assembled layers on the Au or Au/Au-NPs surfaces, the respective templates were immersed in 5 mM ethanolic solution of DTDPA. In order to endow the SAM layers with Au-NPs particles the templates obtained were immersed firstly in a 2 mM solution of CA at 4
• C and next in the sol Au solution at 4
• C. The modified electrodes were prepared according to the following scheme:
Au/Au-NPs: (Au The modified electrodes were stored in phosphate buffer at 4
• C. Before each use, they were washed by water and dried in argon stream. The self-assembled layers were removed from the modified electrode surfaces by dipping them in the Piranha solution for 10 minutes and rinsing with water. Next the procedure of polishing, activation and modifications of the bare Au electrodes repeated.
International Journal of Electrochemistry Figure 1 (a) compares of the infrared reflection spectrum of Au surface with adsorbed DTDPA (spectrum 1) with the transmission FT-IR spectrum of the liquid DTDPA (spectrum 2). The reflection-absorption spectrum presented in Figure 1 (a) proves that the SAM layers are present at the gold electrode surface. It is commonly known that gold have a high affinity for the S atoms and the formation of self-assembled layers from disulfides is based on the reaction [24, [33] [34] [35] [36] : R-S-S-R + Au
Results and Discussion
Characterization of the Modified Electrodes.
n . Per analogy to disulfides, the SAMs formation by adsorption of DTDPA on the gold template occur via the same mechanism HOOC-R-S-S-R-COOH + Au
n . The attachment of DTDPA to Au surface has been possible due to strong chemisorption of DTDPA as a result of the formation of two bonds with Au after the S-S bond cleavage [37] .
The diameter of the gold nanoparticles prepared was estimated by Uv-vis analysis whose results are presented in Figure 1 (b). As seen, the colloidal gold gives the maximum absorbance close to 520 nm. This is in agreement with literature data, as it has been shown that the Au nanoparticles of diameters between 2.6 nm and 20 nm could be expected when the absorption maximum appears between 514 nm and 530 nm, respectively [38, 39] . The transmission electron microscopy image (TEM) shown in Figure 1 (c) allowed evaluation of the average diameter of the Au-NPs particles in the gold sol solution used as 14 nm.
The difference between 2-and 3-dimensional modified electrodes lies in the fact that in the former case, the modified reagent DTDPA is deposited directly on the bare gold template, whereas in the second case before DTDPA deposition, the bare gold template has been decorated by a layer of gold nanoparticles. The gold nanoparticles are attached to the substrate surface by directly dipping the gold template into gold solution, and gold nanoparticlesmodified electrodes have been obtained without using binder molecules [40] . The Au-NPs layer is formed making use of the electrostatic interactions as the gold nanoparticles stabilised with citrate, used in the present study, are endowed with negative charge [41, 42] . On 2D template, the Scontaining acids form a well-organized two-dimensional compact layers, whereas on 3D template, they form a three dimensional layers which adopt a more disordered structure as compared to that obtained on 2D template [43] . In both cases, cysteamine is deposited later in consecutive steps of modifications. Hydrogen bonds form between carboxylic groups in the acid and amine group in cysteamine, and as a result, the respective salt is formed. In next step of the modification, Au-NPs are deposited on the templates prepared. To illustrate particular stages of modification of the gold electrodes of 2D and 3D structure, the relevant schemes are presented in Figure 2 . Moreover, Figure 3 compares the results of the SEM analysis of morphological changes in the gold template resulting from the electrode modification process. The micrographs presented confirm that the layers obtained on the 2D template are more compact as compared with those obtained on 3D template. peak (IA) at E = 0.3 V is assigned to EP oxidation to epinephrinequinone, whereas the couple of peaks at −0.07 V and −0.13 V in the anodic (IIA) and cathodic (IIC) scan, respectively, are related to reversible oxidation of leucoepinephrinechrome to epinephrinechrome after cyclization of epinephrinequinone via a 1,4-Michael addition [44] , Figure 4 (a). In evaluation of the catalytic effect of different electrodes on the electrooxidation process, two factors should be considered: a decrease in the overpotential of oxidation and an increase in the current density. Figure 3 compares the voltammetric response of a bare gold electrode in the presence of EP with those obtained at the electrodes modified at 2D gold template: Au/DTDPA, and Au/DTDPA/CA/AuNPs (Figure 4(a) ) and at 3D gold template: Au/Au-NPs, Au/Au-NPs/DTDPA, and Au/Au-NPs/DTDPA/CA/Au-NPs (Figure 4(b) ). In Figure 3 , greater catalytic effect is achieved for EP oxidation at modified electrodes prepared on 3D template-the current densities as well as the decrease in the overpotential of each peak are greater than those obtained at the electrodes modified on 2D gold template. A favourable catalytic activity of gold nanoparticle arrays towards EP oxidation may be connected with the fact that the electron transfer between EP and the electrode is more effective in three-dimensional acid layers compared with that in two-dimensional acid layers. The more disordered threedimensional monolayers probably ensure better penetration of the reactant through the alkane chains on nanoparticle surface because of their curvature [43] . This is in accordance with the observation that the SAMs film permeability was observed to decrease with increasing substrate smoothness [45] .
Oxidation of Epinephrine at Bare Gold Electrode Pure and Modified with Gold Nanoparticles and S-Functionalized
Effect of pH on Oxidation of Epinephrine on Modified
Gold Electrodes. EP is protonated and positively charged at physiological pH (pK a = 9.9) [46] . The electrochemical response of the modified electrodes towards EP electrooxidation has been studied in the pH range between 2 and 13. Analysis of variation of the peak potential E p assigned to EP to epinephrinequinone electrooxidation with pH of the supporting electrolyte has suggested that the overall process is proton dependent. It was observed that the peak potential shifts negatively with increasing pH. The linear regression provided a slope of 0.058 V for Au electrode, whereas for all modified electrodes, a slope of dpH/dE p was comprised between 0.058 and 0.061 per unit pH with the confidence intervals ≤±0.002 V (R 2 ≥ 0.994, n = 7). The magnitudes of the dE p /dpH slopes are very close to the theoretical Nernstian value of 0.059 V [47] and indicate that the electron transfer step is preceded by a protonation with the same number of protons involved in the EP oxidation mechanism, regardless of the template 2D or 3D used for electrode modifications. Moreover, the current peak density ( j p ) was observed to change with the solution pH, and the maximum current densities were obtained in the pH range between 6 and 8. The electrochemical analysis of EP on the modified gold electrodes prepared was carried out in a solution of pH 7. This pH value has been chosen taking into regard the prospective practical application of electrodes prepared in biological systems.
Effect of the Potential Sweep Rates on the Oxidation Peak Current of Epinephrine on Modified Gold Electrodes.
The information on electrooxidation of EP on the electrodes prepared was obtained by investigating this process at different potential sweep rates (v). A linear relationship of the peak current density ( j p ) versus the square root of the scan rate (v 1/2 ) was obtained in the v range from 0.01 V s −1 to 0.2 V s −1 . It means that the electron transfer process at the modified electrode is diffusion controlled, which is favourable for quantitative applications [46] . From the kinetic theory of the electrode reaction, for the pure diffusion controlled process, the value of d log j p /d log v slope should be 0.5, while for the pure adsorption controlled process, it should be 1. The values of the log j p /d log v parameter obtained in this work additionally confirmed that the process studied was diffusion rate controlled. The magnitude of the slope of d log j p /d log v obtained was 0.51 for the Au electrode, while for all modified electrodes, a slope of d log j p /d log v was comprised between 0.48 and 0.51 with the confidence intervals lower than ≤±0.01 (R 2 ≥ 0.998; n = 15).
Oxidation of Epinephrine at the Bare Gold and the Gold Modified Electrodes in the Presence of Ascorbic and Uric
Acids. As mentioned in the introduction, and as shown in Figure 5 , the detection of biogenic amines on the bare gold electrode is interfered by the coexistence of both AA and UA. The oxidation peaks of EP, AA and UA overlap, Figure 5 It is evident that in the ternary mixture containing 500 µM of EP, 1000 µM of AA, and 1000 µM UA, the oxidation peaks of these compounds are clearly separated from each other, as compared with the cyclic voltammogram recorded for such a mixture of compounds at the bare gold electrode. Since at pH = 7 EP exists in its cationic form (pK a = 9.9 [46] , while AA (pK a = 4.1) [21] and UA (pK a = 5.4) [21] in their anionic forms, thus the positive potential shift of the peak currents of AA and UA is attributed to a repulsive interaction between the negatively charged of AA and UA in solution at pH 7 and the negatively charged COO − group of DTDPA layer and Au nanomolecules stabilised by citrate [42] . The electrostatic attraction between the positively charged EP and the negatively charged modified layers would be the reason for the shift of the peak current of EP towards more negative potential values for all modified electrodes used.
Because the modified electrodes prepared can successfully distinguish EP, AA, and UA oxidation peaks and thus are suitable for electrochemical analysis of EP without the interference of AA and UA, the experiment was made in which the concentration of one compound was changed, whereas those of two other ones were kept constant. The concentration of EP was changed in the range 0.1 µM to 1000 µM, Figure 6(a) , while the concentration of AA and UA was changed in the range 500 µM to 5000 µM, Figures 6(b) and 6(c). For all electrodes modified studied, the current density of the compound whose concentrations was changed increased proportionally to its concentration in the solution, whereas the peak currents of two other compounds whose International Journal of Electrochemistry It has been established that the relationships between the peak current density ( j p ) of EP to epinephrinequinone electrooxidation versus EP concentration (c EP ) obtained on a bare gold electrode was linear in the range of 1 µM to 500 µM of EP. This concentration range is expanded from 0.1 µM to 700 µM when EP is oxidized on Au/DTDPA and Au/DTDPA/CA/Au-NPs electrodes. Moreover, for the electrodes Au/Au-NPs, Au/Au-NPs/DTDPA, and Au/AuNPs/DTDPA/CA/Au-NPs, the relation between j p and c EP is linear in the range of 0.1 µM to 800 µM of EP. The results observed prove that the modified gold electrodes enhance the sensitivity towards EP detection. It is worth noting that the range of concentrations over which the EP content can be reliably estimated on the basis of the regression equation is broader than those reported in literature [6, 7, 9, 10, [17] [18] [19] [20] [21] [22] 27] . Moreover, the EP detection limit achieved in this study with the use of the modified electrodes is lower than that obtained in [6, 7, 9, 18, 19, 22, 27] . From the data collected in Table 1 , it is evident that the detection limit of EP was lower when the electrode modification was carried out at 3D template. Moreover, when gold nanoparticles were at the end of the modified layer, the detection limit was also lower as compared with the results obtained at the electrodes without Au-NPs at the end of the modified layer. In any case, the presence of Au-NPs layer in the structure of the modified electrodes contributes to lowering of the detection limit of amine studied.
Electrode Reproducibility and Stability of the Modified
Electrodes. The stability of the modified electrodes was checked by measuring their voltammetric response on EP electrooxidation from day to day. Between each subsequent measurement, the electrodes prepared were stored in phosphate buffer at 4
• C. In 5 weeks, the voltammetric responses for the 500 µM EP solutions decreased by about 9%, 7%, 7%, 6%; 7%, 5%, and 3% of their initial responses for the Au, Au/DTDPA, Au/DTDPA/CA/Au-NPs, Au/Au-NPs, Au/Au-NPs/DTDPA, and Au/Au-NPs/DTDPA/CA/Au-NPs electrode, respectively.
To characterize the reproducibility of the prepared modified gold electrodes, repetitive measurements were carried out in a solution containing 500 µM of EP. The relative standard deviations (RDS) of voltammetric responses for 10 successive determination on Au, Au/DTDPA, Au/ DTDPA/CA/Au-NPs, Au/Au-NPs, Au/Au-NPs/DTDPA, and Au/Au-NPs/DTDPA/CA/Au-NPs electrode were 4%, 4%, 4%, 3%, 3%, and 2%, respectively.
Conclusions
The results of the study presented here have demonstrated that the oxidation kinetic of EP, a compound of biological importance, on gold surfaces modified with gold nanoparticles, cysteamine, and dithiodipropionic acid was enhanced with comparison to the electrochemical activity of EP at the bare gold electrode. The prepared sensors exhibited excellent stability and reproducibility. The novel modified electrodes are characterised with good selectivity and electroactivity to EP oxidation in voltammetric measurements in International Journal of Electrochemistry the presence of interfering compounds, which is favourable for the detection of EP in physiological environment.
